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Abstract A scanning tunneling microscope is a powerful tool for obtaining micrographs from conductive
and semiconductive materials. The imaging technique has recently been improved for microscopy of
nanostructured biomaterials on highly ordered atomic surfaces. We describe, here, high resolution
imaging of individual IgM and IgG using a scanning tunneling microscope (Nama-STM) in air condition.
The biomoleculeswere immobilized on the surface of Highly Ordered Pyrolytic Graphite (HOPG). Obtained
micrographs could reveal structural details of immunoglobulins G and M on the atomically flat surfaces.
Obtained results confirmed that STM could be more useful than other microscopy techniques for the
analysis of single biomolecules.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Scanning Tunneling Microscopy (STM) is a powerful tech-
nique for studying conductive and semiconductive surfaces [1].
The microscope could also be useful in studying atoms
and molecules adsorbed onto the conductive and semicon-
ductive materials [2]. The technique offers very high res-
olution micrographs from the nanomaterials without using
elaborated sample preparations or requiring ultra-high vacuum
equipment [3,4].
The principle of STM is based on the quantum mechanical
phenomenon, so-called ‘tunneling effect’ [4,5]. When a sharp
needle (i.e., tip) is placed less than 1 nm distance from a
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Open access under CC BY-NC-ND license.conductive surface (i.e., sample) and a voltage applied between
them, the electrons can tunnel between the tip and the sample
through the narrow vacuum barrier [6]. As the tunneling
current exponentially varies within the tip-sample distance, a
small change of less than a fraction of the atomic length can be
detected in this space [6,7].
High-resolution imaging of nanostructured materials, es-
pecially sensitive and soft biomolecules, demonstrates a
great challenge in biology [8]. The structure of individual
biomolecules has been previously studied at nano-scaled res-
olution by high-resolution transmission electron microscopy,
X-ray crystallography, and atomic force microscopy [8–11].
These techniques require sample-preparation procedures,
which potentially alter the sample nature [9]. For exam-
ple, atomic force microscopy could be used for imaging of
biomolecules under ambient or physiological conditions, but
special precautions are required to prevent the tip from dam-
aging or altering samples [10,11].
The ability of scanning tunneling microscopy for analyzing
geometrical and electrical features of biomaterials has been im-
proved for awide range of some structurallywell-characterized
biomolecules, such as polypeptides, proteins, enzymes and
DNA [12–16]. One of these structurally well-characterized pro-
teins is immunoglobulin. Immunoglobulin molecules are gen-
erally a unit consisting of two identical light polypeptide chains
and two identical heavy polypeptide chains. These are linked
1644 R. Saber et al. / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 1643–1646Figure 1: Image of a single antibody molecule without any filtering or coloring process after cropping. (a) IgM molecule with scan area 170 × 150 nm; (b) IgG
molecule with scan area 30× 25 nm. Note that ‘a’ represents Fc , and ‘b’ Fab regions of a single antibody (IgG) molecule.Figure 2: (a) 3D image of a single antibody (IgG)molecule after the filtering and coloring process, which shows orientation of this molecule after physical adsorption
on the rigid surface from the hinge region imaged by NAMA-STM. (b) Graphical conformation of Y -shaped IgG (with kind authorization of Marie–Paule Lefrance,
IMGT R⃝ , http://www.imgt.org).together by disulphide bonds and the hinge region is a segment
of the heavy chain between CH1 and CH2 domains. The three-
dimensionalmorphology and size of immunoglobulins revealed
the fact that the biomolecules may be disoriented when immo-
bilized on the surface of rigid materials (such as HOPG) [17].
Here, we introduce a simple procedure for the single molecu-
lar imaging of IgG and IgM in detail, using scanning tunneling
microscopy in air condition.
2. Materials and methods
2.1. Chemicals and instruments
General human IgG and IgM samples were purchased from
Iran Avicenna Research Institute (http://www.avicenna.ac.ir).
The samples were used without further purification. Deionized
water (Milli-Q; Millipore) was used for the buffer preparation.
The micrographs were obtained by NAMA-STM SS-1 (Nanotech
System Corporation, Natsyco, Iran). HOPG was also prepared
from the Nanotech System Corporation. Other chemicals were
prepared from Sigma-Aldrich.
2.2. Sample preparation
Human IgG and IgM were diluted from original stocks in
phosphate sodium buffer (0.12 mM NaH2PO4, 0.84 mM NaCl,
0.046mMNaN3, pH7.4) andbrought to a concentration of about
2 µg/ml. Then, 5 µl of diluted sample were dropped on the
HOPG for 30 s at 50 °C to be dried [16].2.3. Scanning tunneling microscopy
The specimens were scanned with NAMA-STM. STM tip was
prepared mechanically using Remanium with 0.35 mm diam-
eter (Dentaurum, Germany). All experiments were performed
in air at room temperature with at relative humidity of ∼40%.
The constant current mode was used to take images. The im-
ages were obtained with a scan rate of 2000 Hz and a current
set point of around 0.1 V. The sample bias voltage for the im-
ages was 1 V, which during the scans was increased to 1.6 Volts
gradually. During the scan, we also decreased the current set
point from 0.1 nA to 50 pA. Rough data were first processed by
usingmedian (middle range) and low pass Gaussian (high rang)
filters. Then, the coloring process was tested on the obtained
micrographs for different levels [16].
3. Results and discussion
Figure 1 shows single IgM and IgG molecules before any
graphical process. The imageswere obtained after drying on the
surface of HOPG. The unprocessed images (Figure 1(a) and (b))
do not demonstrate the structural domains and they need some
image processing to be resolved in detail.
Figure 2(a) shows the expected size of three lobs (two Fab
and an Fc) in IgG, which are in complete agreement with
information from atomic force microscopy [18] and X-ray
crystallography studies [19]. Figure 2(b) shows a representative
R. Saber et al. / Scientia Iranica, Transactions F: Nanotechnology 18 (2011) 1643–1646 1645Figure 3: (a) Line profile of antigen binding site or Fab regions. (b) 2D image of a single antibody (IgG) molecule after filtering and coloring process.Figure 4: 3D image of a single antibody (IgM) molecule, imaged by NAMA-STM. (b) Standard configuration of human immunoglobulin M with pentameric
domains [21].of a single IgG molecule in its original condition after image
processing. The image could be compared with the antibody in
the solution phase with three dimensional aspects. Although
possible tip contact with the sample during the scan may
change the shape of the original molecule structure, applying
different image processing and coloring filters could enhance
the image quality brilliantly. For biomolecules with a Y shape,
the small differences in the lateral dimensions of the Fab or
Fc domain by AFM, X-ray, and TEM were 8 nm and 6–7 nm,
respectively [18]; however, our measurements were around
10–11 nm. These differences may be due to the drying process,
as well as to the orientation of themolecule on the rigid surface,
or even due to calibration errors of the instrument.
Paulo and Garcı´a used tapping-mode atomic force mi-
croscopy in both attractive and repulsive tip-sample interaction
regimes [18]. Their images for the attractive interaction regime
allow determination of the basic morphologies of the antibod-
ies on the support. This regime was able to resolve the charac-
teristic Y -shaped domain structure of antibodies and the hinge
region between domains. They concluded that the imaging in
the repulsive interaction regime was associated with the irre-
versible deformation of themolecules [19]. But, again, their im-
age could not give full details about single antibody molecules.
Figure 3(b) shows the second step of the imaging process
after applying some filters and also the coloring process of
the image from the top view. The left-side image (Figure 3(a))
shows the line profile of Fab regions, which also gives, roughly,
the size of these two domains. The size of the molecule was
measured around 37 nm.
Quist and colleagues reported the earliest image showing
a Y shape [20]; however, the image did not resolve the
separation between domains. The authors stated that only avery small number of molecules (≪1%) showed the above
morphology [18]. It seemed that biological structures under
the pressure of the AFM tip could be easily deformed or even
damaged. Even at sub-nanonewton probe forces, the pressure
within the contact area might be many times the atmospheric
pressure. The immediate effect of severe deformation, even
without specimen damage, was the loss of surface features in
the AFM. To overcome these difficulties and to improve the
fidelity of the methodology, using cryogenic temperatures for
AFM imaging has been proposed as a possible alternative [21,
22].
Figure 4 shows a single IgMmolecule after image processing.
IgM is a big molecule with a size of around 35 nm. The
micrograph demonstrated the pentameric structure of the IgM
molecule on a flat surface clearly.
Cryo-AFM images contained a conformation with a much
higher center column and a diameter of 35–45 nm. Not only did
a small minority show the flat pentameric form of 45–50 nm
diameters, but also the small domain in the center appeared to
be the J-chain. According to reports, for the purpose of a direct
comparison with those obtained at cryogenic temperatures, no
stable and reproducible images could be obtained. The major
problem was that the IgM molecules were simply swept aside
during scanning and broke into smaller pieces [23].
4. Conclusions
There are several SPM studies involving the imaging of an-
tibodies [24–27], but only a few have produced images of anti-
bodies with a standard shape. However, the molecules exactly
appeared in the natural-shaped morphology. The difficulty in
acquiring useful images of nanostructured biomaterials at room
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ing resolution achieved of most specimens can significantly be
attributed to the softness of biological samples. The best im-
ages can be obtained at low current set points, around +0.1
nA, and tip voltages around +1 V. During the scan, the voltage
should increase up to 1.6 V, and the current set point should be
decreased up to 50 pA. This work made the STM tip far from
the sample surface to prevent damaging the protein molecule,
while the tunneling effect is occurred. In this way, it is possible
to get images with a very high resolution from biomolecules.
On the other hand, our results show more resolution of STM
than of AFM, which ismostly used for such studies in air condi-
tion. Since the IgGmolecule has a randomrotational orientation
on the surface, this feature is important for good STM imaging;
however, the image processing (or filtering) also has a very im-
portant role.
It is clear that if somebody knows the molecule or has ideas
about the orientation of this molecule after immobilization on
the surface, a very sophisticated image can be obtained using
STM. If the molecules are immobilized in such a way that the
electrons are not able to tunnel through them, brilliant images
could not be captured. Our experiments indicate that the
immobilization process of biological samples is very important
for suitable tunneling phenomena through nanostructured
biomaterials on the hydrophobic surface of HOPG. In addition,
less timing for water evaporation within a HOPG sampling
could help biomolecules to be positioned on the surface in a
better order than the results obtained when the samples had
more time for the drying process at room temperature. In the
other words, the suitable heating of HOPG before dropping the
sample on it led to a shorter opportunity for the overcrowding
and aggregation of biomolecules, and inhibits their positioning
layer-by-layer at one point.
Acknowledgments
This study was supported by the Iran Nanotechnology
Initiative (INI).
References
[1] Binnig, G., Rohrer, H., Gerber, Ch. and Weibel, E. ‘‘Surface studies by
scanning tunneling microscopy’’, Phys. Rev. Lett., 49(1), pp. 57–61 (1982).
[2] Coombs, J.H. and Pethica, J.B. ‘‘Properties of vacuum tunneling currents:
anomalous barrier heights’’, IBM J. Res. Dev., 30(5), pp. 455–459 (1986).
[3] Giessibl, F.J., Gerber, Ch. and Binnig, G. ‘‘A low temperature atomic
force/scanning tunneling microscope for ultrahigh vacuum’’, J. Vac. Sci.
Technol., B9(2), pp. 984–988 (1991).
[4] Güntherodt, H.J. and Wiesendanger, R., Scanning Tunneling Microscopy I:
General Principles and Applications to Clean and Adsorbate-Covered Surfaces,
Springer, Berlin, Heidelberg (1992).
[5] Wiesendanger, R. and Güntherodt, H.J., Scanning Tunneling Microscopy,
II: Further Applications and Related Scanning Techniques, Springer, Berlin,
Heidelberg (1992).
[6] Bonnell, D.A., Scanning Tunneling Microscopy and Spectroscopy — Theory,
Techniques, and Applications, VCH, New York (1993).
[7] Hofer, W.A., Foster, A.S. and Shluger, A.L. ‘‘Theories of scanning probe
microscopes at the atomic scale’’, Rev. Modern Phys., 75(4), pp. 1267–1331
(2003).
[8] Morphy, R.M., Slayter, H., Schurtenberger, P., Chamberlin, R.A., Colton, C.K.
and Yarmush, M.L. ‘‘Size and structure of antigen–antibody complexes:
electron microscopy and light scattering studies’’, Biophys. J., 54(1),
pp. 45–56 (1988).
[9] Harris, L.J., Larso, S.B., Hasel, K.W., Day, J., Greenwood, A. and McPher-
sonn, A. ‘‘The three-dimensional structure of an intact monoclonal anti-
body for canine lymphoma’’, Nature, 360, pp. 369–372 (1992).
[10] Keller, D.J. and Chou, C.C. ‘‘Sharp, vertical-walled tips for SFM imaging of
steep or soft samples’’, Ultramicroscopy, 42(B), pp. 1481–1489 (1992).
[11] Fan, F.R.F. and Bard, A.J. ‘‘Imaging of biological macromolecules on mica in
humid air by scanning electrochemical microscopy’’, Proc. Natl. Acad. Sci.
USA, 96(25), pp. 14222–14227 (1999).[12] Driscoll, R.J., Youngquist, M.G. and Baldeschwieler, J.D. ‘‘Atomic-scale
imaging of DNA using scanning tunneling microscopy’’, Nature, 346,
pp. 294–296 (1990).
[13] Lewerenz, H.-J., Jungblut, H., Campbell, S.A., Giersig, M. and Müller, D.J.
‘‘Direct observation of reverse transcriptases by scanning tunneling
microscopy’’, AIDS Res. Hum. Retroviruses, 8(9), pp. 1677–1681 (1992).
[14] Campbell, S.A., Müller, D.J., Jungblut, H., Giersig, M., Tomm, Y. and
Lewerenz, H.-J. ‘‘Use of molybdenum telluride as a substrate material
for the imaging of biological molecules during scanning tunneling
microscopy’’, Analyst, 119(5), pp. 727–734 (1994).
[15] Roberts, C.J., Sekowski, M., Davies, M.C., Jackson, D.E., Price, M.R.
and Tendler, S.J.B. ‘‘Topographical investigations of human ovarian-
carcinoma polymorphic epithelial mucin by scanning tunneling mi-
croscopy’’, Biochem. J., 283(Pt 1), pp. 181–185 (1992).
[16] Gill, P., Ranjbar, B. and Saber, R. ‘‘Scanning tunneling microscopy
of cauliflower-like DNA nanostructures synthesized by loop-mediated
isothermal amplification’’, IET Nanobiotechnol, 5(1), pp. 8–13 (2011).
[17] Liddell, E. and Weeks, I., Antibody Technology, BIOS Scientific Publishers
Ltd., UK (1995).
[18] Paulo, A.S. and Garcı´a, R. ‘‘High-resolution imaging of antibodies by
tapping-mode atomic force microscopy: attractive and repulsive tip-
sample interaction regimes’’, Biophys. J., 78(3), pp. 1599–1605 (2000).
[19] Müller, A., Diemann, E., Branding, A., Richter,M., Frey, J. and Engelhardt,W.
‘‘Comment on the imaging of immunoglobulin G by scanning tunneling
microscopy’’, Vac. Sci. Technol. B, 11(2), pp. 337–338 (1993).
[20] Quist, A.P., Bergman, A.A., Reimann, C.T., Oscarsson, S.O. and
Sundqvist, B.U.R. ‘‘Imaging of single antigens, antibodies, and spe-
cific immunocomplex formation by scanning force microscopy’’, Scanning
Microsc., 9(2), pp. 395–400 (1995).
[21] Perkins, S.J., Nealis, A.S., Sutton, B.J. and Feinstein, A. ‘‘Solution structure
of human and mouse immunoglobulinM by synchrotron X-ray scattering
and molecular graphics modeling. A possible mechanism for complement
activation’’, J. Mol. Biol., 221(4), pp. 1345–1366 (1991).
[22] Zhang, Y., Sheng, S.J. and Shao, Z. ‘‘Imaging biological structures with the
cryo atomic force microscope’’, Biophys. J., 71(4), pp. 2168–2176 (1996).
[23] Lefranc, M.-P., Giudicelli, V., Ginestoux, C., Jabado-Michaloud, J., Folch, G.,
Bellahcene, F., Wu, Y., Gemrot, E., Brochet, X., Lane, J., Regnier, L.,
Ehrenmann, F., Lefranc, G. and Duroux, P. ‘‘IMGT R⃝ , the interna-
tional ImMunoGeneTics information system R⃝ ’’, Nucleic Acids Res., 37(1),
pp. D1006–D1012 (2009).
[24] Fritz, J., Anselmatti, D., Jarchow, J.J. and Fernandez-Busquets, X. ‘‘Probing
single biomolecules with atomic force microscopy’’, J. Struct. Biol., 119(2),
pp. 165–171 (1997).
[25] Thomson, N.H., Fritz, M., Radmacher, M., Cleveland, J.P., Schmidt, C.F. and
Hansma, P. ‘‘Protein tracking and detection of proteinmotion using atomic
force microscopy’’, Biophys. J., 70(5), pp. 2421–2431 (1996).
[26] P.E., Mazeran, J.L., Loubet, C., Martelet and A., Theretz ‘‘Under buffer
SFM observation of immunospecies adsorbed on a cyano grafted silicon
substrate’’, Ultramicroscopy, 60(1), pp. 33–40 (1995).
[27] Tang, S.L. and McGhie, A.J. ‘‘Imaging individual chaperonin and im-
munoglobulin G molecules with scanning tunneling microscopy’’, Lang-
muir, 12(4), pp. 1088–1093 (1996).
Reza Saber received his Ph.D. Degree in Bioengineering. He is now Assistant
Professor at Tehran University of Medical Sciences in the Faculty of Advanced
Medical Technologies. In 2003, he became Head of the Nanotechnology Group
at the Research Center for Science and Technology InMedicine (RCSTIM), Imam
Khomeini Hospital, Tehran, I.R. Iran.
Saeed Sarkar received his Ph.D. Degree in Biophysics. He became Associate
Professor in the Faculty of AdvancedMedical Technologies in Tehran University
of Medical Sciences. He is also Head of the Research Center for Science and
Technology InMedicine (RCSTIM), at ImamKhomeini Hospital, Tehran, I.R. Iran.
He also became head of the Iran Nano Initiative, in I.R. Iran.
Pooria Gill received his Ph.D. Degree in Nanobiotechnology. He is Assistant
Professor of Nanomedicine and Nanobiotechnology in the Faculty of Advanced
Medical Technologies, GolestanUniversity ofMedical Sciences, Gorgan, I.R. Iran.
Behzad Nazari received his Ph.D. Degree in Electrical Engineering and is
working as Assistant Professor in the Department of Electrical and Computer
Engineering, Isfahan University of Technology, Isfahan, Iran.
Faramarz Faridani received his M.D. from Tehran University of Medical
Sciences and works in the Research Center for Science and Technology In
Medicine (RCSTIM), at Imam Khomeini Hospital, Tehran, I.R. Iran. He is working
mainly in the areas of electronics and lasers.
